We have initiated a programme to study the physical/dynamical state of gas in galaxy clusters and the impact of the cluster environment on gaseous halos of individual galaxies using X-ray imaging and UV absorption line spectroscopy of background QSOs. Here we report results from the analysis Chandra and XMM-Newton archival data of five galaxy clusters with such QSOs, one of which has an archival UV spectrum. We characterize the gravitational masses and dynamical states, as well as the hot intracluster medium (ICM) properties of these clusters. Most clusters are dynamically disturbed clusters based on the X-ray morphology parameters, the X-ray temperature profiles, the large offset between X-ray peak and brightest cluster galaxy (BCG). The baryon contents in the hot ICM and stars of these clusters within r 500 are lower than the values expected from the gravitational masses, according to the standard cosmology. We also estimate column densities of the hot ICM along the sightlines toward the background QSOs as well as place upper limits on the warm-hot phase for the one sightline with existing UV observations. These column densities, compared with those of the warm and warm-hot ICM to be measured with UV absorption line spectroscopy, will enable us to probe the relationship among various gaseous phases and their connection to the heating/cooling and dynamical processes of the clusters. Furthermore, our analysis of the archival QSO spectrum probing one cluster underscores the need for high quality, targeted UV observations to robustly constrain the 10 5−6 K gas phase.
INTRODUCTION
Diffuse X-ray emission is routinely observed from the hot intracluster medium (ICM) of galaxy clusters. This emission arises chiefly in their inner regions (r r 500 , within which the mean mass density is 500 times the critical density of the Universe). Recently, however, diffuse X-ray emission has also been observed from outer regions of rich clusters as well (e.g., Bonamente et al. 2012; Eckert et al. 2012; Walker et al. 2013; Wang & Walker 2014 ). These observations indicate that the ICM is inhomogeneous, especially in outer regions, as predicted by theoretical models or simulations E-mail: wqd@astro.umass.edu of structure formation (e.g., Roncarelli et al. 2006; Molnar et al. 2009 ), which show a complicated shock heating/cooling history in the outer ICM regions (out to a few r 200 , where the strong external shock of the accretion flow is located, e.g., Molnar et al. 2009 ) and an enhanced presence of the multiphase warm-hot plasma may be expected (e.g., Pfrommer et al. 2008) . In addition, the cluster environment could strongly affect the circumgalactic medium (CGM) of individual galaxies via processes such as ram-pressure stripping and pressure compression (e.g. Lu & Wang 2011; Emerick et al. 2015; Roediger et al. 2015) . However, the effectiveness of such stripping remains greatly uncertain, especially in outer regions of clusters, as demonstrated in recent simulations, where the existence of a complex pattern of flows, turbulence, and a continuous fueling of the CGM from the ICM is considered (e.g., Quilis et al. 2017) . New observational constraints are needed to make progress in our understanding of these phenomena and physical processes, which are important not only for determining the properties of the ICM and the effects on galaxy evolution, but also for properly using clusters as cosmology probes (e.g., via the Sunyaev-Zel'dovich effect).
We have been conducting a multi-wavelength study of how the properties of the ICM and CGM may be affected by the richness and dynamical state of galaxy clusters (e.g., Wang & Walker 2014; Ge et al. 2016; Burchett et al. 2018) . We use 1) X-ray observations to characterize the morphological and thermal properties of the hot ICM, 2) far-UV absorption-line spectroscopy to constrain the column densities, metal abundances, and kinematics of warm and warm-hot gas, and 3) optical spectroscopy of galaxies to determine their associations with individual absorbers and X-rayemitting substructures.
Our initial studies were focused on a few optically selected clusters, as reported in Wang & Walker (2014) , Ge et al. (2016) , and Burchett et al. (2018) . These studies are based on archival Chandra data as well as new XMM-Newton and Hubble Space Telescope (HST)/Cosmic Origins Spectrograph (COS) observations. Wang & Walker (2014) show how the density and temperature radial profiles (hence the hot gas properties of individual clusters along the QSO sightline) can be estimated even when the X-ray emission from the projected clusters is present. Based on XMM-Newton observations, Ge et al. (2016) find that each of the two optically-selected clusters actually consists of distinct merging subcluster pairs at similar redshifts. These subclusters themselves typically show substantial substructures, including strongly distorted radio lobes, as well as large position offsets between the diffuse X-ray centroids and the brightest galaxies. Thus these clusters are dynamically young systems. Comparing the hot gas and stellar masses of each cluster with the expected cosmological baryonic mass fraction indicates a significant deficit, which could be filled by other gas components (Ge et al. 2016) . Burchett et al. (2018) present the HST/COS study of these clusters. They detect broad Lyα absorption (BLA) features associated with one cluster. However, rather than tracing material contained within the ICM, these features are consistent with metalpoor material in-falling from the intergalactic medium (IGM). Another QSO sightline probes the interface region of a dynamically young system of merging subclusters and shows a quite narrow b ∼ 16 km s −1 H I profile at the cluster system's redshift, which may represent a dense, cool (T ∼ 10 4 K) cloudlet induced in the wake of the cluster merger shock. Interestingly, no OVI is detected to sensitive limits [N(OVI) 10 13.7 cm −2 ]. While these results are intriguing, it is still difficult to make any firm conclusions regarding the multi-phase ICM properties of galaxy clusters in general, let alone their baryon contents. The sample of seven clusters (including the newly discovered merging subclusters) that we have studied in these works is still too limited to allow a meaningful statistical analysis. These clusters are dominated by highly disturbed ones or even ongoing mergers. It is highly desirable to expand this sample to include more clusters that are relatively isolated and relaxed and that, of course, have UV-bright background QSOs at various impact parameters so that we can assess how the multi-phase ICM properties may depend on the cluster dynamical state.
Here, we present a study of a sample of relatively isolated Xray-selected clusters, which are paired with UV-bright background QSOs. This study focuses primarily on the analysis of archival Chandra and XMM-Newton data, representing a step to enable a statistically meaningful investigation of the multiphase ICM and CGM in and around clusters of galaxies. One of the clusters' background QSOs has been observed with HST/COS, and we analyze this spectrum to constrain the baryon contribution of warm-hot 10 5−6 K gas to the cluster's baryon budget and demonstrate the need for targeted, high quality observations to address this scientific goal. The rest of the present paper is organized as follows: In Section 2 we describe the sample selection and our data reduction procedures; Section 3 presents the results based on the X-ray observations; Section 4 discusses the dynamical state and baryon content of clusters. Section 5 summarizes our results. We use the standard cold dark matter cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m =0.3, and Ω Λ =0.7.
SAMPLE SELECTION AND X-RAY DATA ANALYSIS

Sample selection
We find our sample pairs for the present study from crosscorrelating FUV-bright QSOs with a meta-catalog of X-raydetected galaxy clusters (Piffaretti et al. 2011) . We select clusters with 0.1 z c 0.4 and kT 2 keV, paired with UV-bright background QSOs of m FUV < 18.3 and projected within 1.5 × r 200 . In this redshift range, the warm and warm-hot ICM can be effectively observed with the COS to detect absorption lines of the O VI doublet, H I Lyα and Lyβ , and a number of other ions. These lines uniquely constrain the thermal, kinematic, and chemical properties of cooler ICM/CGM gases at various cluster impact parameters. This redshift range is also ideal for weak lensing mapping of the gravitational mass distribution, Sunyaev-Zel'dovich effect measurements, multi-object galaxy spectroscopy, and X-ray imaging/spectroscopy of the hot ICM across the entire clusters. Here we focus on five galaxy clusters for which good-quality archival Chandra and XMM-Newton observations are available (Table 1) . None of these clusters have been carefully analyzed in the literature, except for inclusions in some large surveys focused on scaling relations and cosmology (e.g., Böhringer et al. 2007; Mahdavi et al. 2013; Mantz et al. 2015) .
Chandra data
Two clusters were observed with the Chandra/ACIS-I (Table 1) . We use Chandra Interactive Analysis of Observation (CIAO, version 4.7) and calibration database (CALDB, version 4.6.9) to reprocess the Chandra data, following a procedure similar to that detailed in Wang & Walker (2014) . For each observation, we first reprocess a new level = 2 event file, using chandra repro script with VFAINT mode correction, and then clean time intervals strongly affected by flares, using the deflare script. Such intervals are defined to be first deviating more than 3σ and then a factor of 1.2 from the mean rate. The light curve is extracted from a bright source-free region in the 2.3-7.3 keV band, which is most sensitive to flares due to both the spectral shapes of the flaring and the minimum quiescent instrument plus sky backgrounds (Hickox & Markevitch 2006) . The exposure times of the clean data, as well as the original ones, are included in Table 1 . We use wavdetect to detect discrete sources. The standard stowed background events are reprojected to match each of the two ACIS-I observations. The event rate of the background is rescaled to the count rate in the 9-12 keV band, where the Chandra effective area is negligible and the flux is dominated by the particle background. We construct the count, stowed background, and effective exposure map in the 0.5-2.0 keV band, where the X-ray emission is dominated by the clusters. The background subtracted and exposure corrected intensity maps are then generated and smoothed with a 10 sigma Gaussian kernel using aconvolve.
The spectra are extracted with specextract. For the spectral fitting, we firstly subtract the instrumental background, and secondly subtract the sky background. The instrumental non-Xray background spectra for the on-cluster spectra are estimated with the rescaled stowed data in the same detector regions. For the diffuse X-ray sky contribution, we use the HEASARC X-ray Background Tool to extract an off-cluster ROSAT all-sky survey (RASS) spectrum in an annulus (of inner and outer radii equal to 1-2 degree) around the cluster. We then jointly fit the non-X-ray background-subtracted on-and RASS off-cluster spectra. The offcluster spectrum is fitted with a 3-component model consisting of an unabsorbed thermal model apec (for the Local Bubble contribution), an absorbed apec (the Galactic halo gas) and an absorbed power-law (the extragalactic background). In addition to this 3-component model, an additional absorbed apec (representing the cluster emission) is included to fit the on-cluster spectrum. Fig. A1 shows the relation between derived on-cluster soft sky flux and offcluster RASS flux, they are correlated as expected (Sun et al. 2009 ).
XMM-Newton data
The XMM-Newton data used here are from the European Photon Imaging Camera (EPIC) consisting of two MOS and one pn CCD arrays. We process the data using the Extended Source Analysis Software (ESAS; Snowden et al. 2008) , integrated into the XMM-Newton Science Analysis System (SAS, version 13.5.0.) with the associated Current Calibration Files (CCF), following the procedures detailed in Ge et al. (2016) . Briefly, we use emchain and epchain to reproduce the event files from MOS and pn CCDs. The flares are filtered out with mos-filter and pn-filter. The point sources are detected by cheese.
We apply the mos-spectra and pn-spectra to create spectra and images. The instrumental background is modeled with routines mos back and pn back, which use data from the unexposed pixels in the detector corner, and filter-wheel closed data sets with hardness ratios and count rates similar to those measured during the observations. The MOS1, MOS2, and pn images are combined with the comb, then we use the routine adapt to create the quiescent instrumental background subtracted, exposure corrected EPIC images, which are binned by a factor of 2 and adaptively smoothed with a minimum number of 100 counts bin −1 .
Similarly, we use the HEASARC X-ray Background Tool to extract an off-cluster RASS sky background spectrum, which is also fitted with the 3-component model. Then the quiescent instrumental background-subtracted MOS1, MOS2 and pn on-and RASS off-cluster spectra are jointly fitted. However, here we need to include additional model components for the residual instrumental and/or variable sky background: 1) gaussian emission lines to account for a few strong instrumental lines and for possible solar wind charge exchange contributions to the OVII and OVIII Kα lines and 2) a power-law not folded through the instrumental effective areas for residual soft proton contamination ).
RESULTS
We here describe the general X-ray morphological and spectral properties of the clusters, while their individual multiwavelength characteristics will be detailed in § 4.1.
Morphological Structure
Fig. 1 presents the X-ray images of the cluster/QSO pair fields. The large fields of view shown in the left panels include the UVbright background QSOs, which are also luminous in X-ray and are marked with cyan circles. The right panels show the multiwavelength close-ups of the clusters, including the diffuse X-ray emission intensity maps with detected discrete sources excised, as well as optical images and radio continuum contours. Each field contains one known cluster, except for A959, which is accompanied by a small group at its west-southwest (WSW) direction. A more quantitative discussion of these X-ray morphology will be given in § 4.2. The upper panels of Fig. 2 presents the radial intensity profile of the diffuse X-ray emission. These profiles are constructed around the X-ray peaks of individual clusters and are fitted with the standard β -model (Cavaliere & Fusco-Femiano 1976) of the form:
where x = R/r c , while I 0 , r c , and β are the free parameters. Their best-fitting values are included in Table 2 . The profiles reach out to r 500 , except for A655 due to its relatively shallow data. The β value is consistent with the results of Sanderson et al. (2003) , who find β is close to canonical value of 2/3 for hot (> 3 − 4 keV) clusters and becomes increasing flattened below this temperature. We use the fit result to estimate the central gas density and M gas within r 500 in § 4.3.3.
Thermal Properties
The cluster emission is fitted with the XSPEC (version 12.8.0; Arnaud 1996) package and the AtomDB (version 2.0.1) database of atomic data. We use apec emissivity model to fit the on-cluster emission, with the model metallicity fixed to 0.3 solar (Asplund et al. 2009 ) and redshift fixed to the optical redshift of BCG. We also apply the Tuebingen-Boulder absorption model (tbabs) for X-ray absorption by the interstellar medium (ISM), with the hydrogen column density N H fixed to the Galactic value from the NHtot tool (Willingale et al. 2013 ). The spectroscopic X-ray temperature is measured in 0.15-0.75 r 500 (marked as dashed annuli in the left panels of Fig. 1 ), the inner boundary of 0.15r 500 is chosen to exclude most of the possible cool core (CC) region with a large dispersion in observation, while the outer boundary of 0.75 r 500 is limited by the quality of the spectroscopic data. The r 500 is estimated iteratively from M − T relation ( calibration and Arnaud et al. 2007 for XMM-Newton calibration). Table 2 includes the results of our spectral characterization of the hot ICM in the individual clusters. The single-temperature plasma model gives acceptable fits to all of them.
We also produce the radial temperature profiles of these clusters in the bottom panels of Fig. 2 . Only A1084 shows a strong temperature drop toward the center when considering the error bars in temperature, which indicates that A1084 is a strong CC cluster.
DISCUSSION
Comparison with existing multiwavelength observations
We here present a brief comparison of the above X-ray results with the existing multiwavelength observations, focusing on the properties relevant to the dynamical states (more detailed in § 4.2) of the individual clusters. The right panels of Fig. 1 show the optical image: SDSS for A655, A959, and A2813; DSS for J0350 and A1084. We also show the radio intensity contours from the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) in the left panels of 
Note. Errors are at the 90% confidence level. The offset is the projected distance between the X-ray peak and the BCG. The photon flux f x (10 −4 photons s −1 cm −2 ) for Chandra data or count rate CR (count s −1 ) for XMM-Newton data, and η is apec normalization, as well as the temperature, are from the best-fitting apec model of each cluster. The cluster mass M 500 and radius r 500 are estimated from the M − T relation (Sun et al. 2009 for Chandra calibration and Arnaud et al. 2007 for XMM-Newton calibration). The β -model parameters of Eq. (1) are from the best fit to the 0.5-2 keV intensity profile, the I 0 is in the unit of 10 −8 photons s −1 cm −2 arcsec −2 for Chandra data or count s −1 deg −2 for XMM-Newton data. The inferred parameters include the central proton (hydrogen) density (n 0 ), the hot gas mass (M gas ) and stellar mass (M star ) within r 500 , the stellar mass is estimated with the relation of (Gonzalez et al. 2013) . The proton column density (N p ) is at the projected distance (D QSO ) of the corresponding UV-bright background QSO. Fig. 1 and those from the Faint Images of the Radio Sky at Twentycm (FIRST; Becker et al. 1995) in the right panels, except for J0350 and A2813, which are not covered by FIRST. We next discuss some notable features for the individual cluster.
J0350. Data in other bands are not notable for this cluster, although we notice a filament-like structure in the NE of cluster from the X-ray image.
A655. It is classified as a BM I-type (Bautz & Morgan 1970) cluster for its dominant cD galaxy. It does not host any significant diffuse radio emission (Rudnick & Lemmerman 2009) . The large core radius (∼1300 kpc; Strazzullo et al. 2005 ) from a β -model fitting of member galaxy distribution may indicate it as a disturbed cluster, because merging events could have erased the original cusp profile.
A959. This cluster has been studied extensively. Most notable are the mapping of gravitational mass via weak gravitational lensing observations (Dahle et al. 2003 ) and the optical spectroscopy for individual galaxies (Boschin et al. 2009 ). In these studies, ROSAT X-ray images are used for comparison. The XMM-Newton observation presented here allows for a refined X-ray view and multiwavelength comparison of the cluster.
There is no dominant galaxy at the cluster center. Instead, it contains several early-type galaxies of comparable brightnesses. The gravitational mass distribution shows multiple peaks or filamentary structures around the X-ray centroid of the cluster (Dahle et al. 2003) . However, these peaks are well separated and are not well traced by the projected spatial distribution of galaxies, which seems to be rather structured (e.g., see Fig. 13 in Boschin et al. 2009 ). Such multiple-component structure is also seen in the velocity distribution of the cluster galaxies (Boschin et al. 2009 ).
On even larger scales, one finds the so-called WSW galaxy group, ∼6 west (slightly to the south) of A959. This group is first detected via the gravitational lensing (Dahle et al. 2003) and also in the ROSAT image and galaxy concentration (Boschin et al. 2009 ). Based on a diffuse X-ray spectrum extracted from the XMMNewton observation, we find that the temperature of the plasma in the group is T = 1.7
−0.3 × 10 14 M ). The BCG (SDSS J101642.79+593223.3; z=0.285) of the group has a radio counterpart detected in both FIRST and NVSS. The redshift of the group is consistent with that of A959. These two systems appear to be gravitationally bound, because their combined gravitational mass is greater than 2.6 × 10 14 M , required, according to the two-body model (Beers et al. 1982) . Further away from A959 (beyond the XMM-Newton field explored here), there are two more clusters at comparable redshifts: MaxBCG J153.93477+59.57870 at z∼0.281 (Koester et al. 2007 ), ∼13 west, and MaxBCG J154.78308+59.76784 at z∼0.284, ∼18 NE (see Fig. 14 in Boschin et al. 2009 ). Therefore, A959 is apparently in a quite rich environment of the large-scale structure (Boschin et al. 2009 ).
A1084. Its BCG (NVSS J104432-070407) is a radio source (F 1.4GHz = 31.6 mJy; Magliocchetti & Brüggen 2007) and hosts a significant star formation (SFR∼0.4 M yr −1 ; Donahue et al. 2010) , which are consistent with the fact that a CC cluster (Fig. 2) is more likely to host a BCG with star forming and/or radio emission (e.g., Donahue et al. 2010 , Kale et al. 2015 .
A2813. The BCG of this cluster does not show enhanced UV and mid-IR emission (Hoffer et al. 2012) , which is consistent with its non-cool core (NCC) nature (Fig. 2) . There is a NW extension inferred from the X-ray image, probably due to an accretion of a filament (Finoguenov et al. 2005 ).
Dynamical states of the clusters
Galaxy clusters are assembled via mergers of hierarchical systems, ranging from the IGM to sub-clusters of galaxies at the intersections of cosmic web filaments. Therefore, depending on its recent merger history, a cluster can be in quite different dynamical states.
Because of the diversity in the recent merger histories of individual clusters, which is further complicated by their projection effects, their dynamical states are not straight-forward to determine. In Appendix A, we present a review of various dynamical state diagnostics based on X-ray morphological properties of clusters. The criteria for a relaxed cluster is the power ratio P 3 /P 0 (Buote & Tsai 1995) , centroid shift w (Mohr et al. 1993) , surface brightness concentration c SB (Santos et al. 2008) , photon asymmetry A phot (Nurgaliev et al. 2013) , and symmetry-peakiness-alignment SPA (Mantz et al. 2015) . The results of the applications of these diagnostics to our sample clusters are listed in Table 3 .
We have also considered other cluster dynamical state tracers. Clusters can be categorized into CC clusters and NCC clusters (e.g., Jones & Forman 1984; Sanderson et al. 2006) . A CC cluster tends to show a relaxed and symmetric morphology, whereas an NCC cluster likely exhibits a disturbed overall shape and substructure. We consider the presence of a central temperature drop as the evidence for a CC from Fig. 2 .
Another useful diagnostic for the dynamic state is the offset between the X-ray centroid of a cluster from its BCG. It has been shown that the BCG tends to be found positionally at the gravitational center and kinematically near the rest frame of a cluster (e.g., Cui et al. 2016 ). Therefore, a large offset from the X-ray centroid of a cluster would indicate an ongoing or recent merger activity (Jones & Forman 1984; Lin & Mohr 2004 ). Previous studies show that an offset of ∼15 kpc may be used to distinguish a relaxed cluster from an un-relaxed one (e.g., offsets of 15 kpc as relaxed clusters in Sanderson et al. 2009 ; offsets center at ∼10/∼50 kpc for relaxed/un-relaxed clusters in von der Linden et al. 2014). The X-ray/BCG offsets of our sample are listed in Table 2 .
We also incorporate information from observations at other wavelengths from § 4.1. Such information, though generally quite limited, may provide additional diagnostics of the cluster dynamical states.
With the above diagnostics in consideration, we make general assessments of the dynamics states of our sample clusters. We find that A1084 is a well relaxed cluster, which is the only one that passes all the criteria (morphological parameters; CC cluster; small X-ray/BCG offset; BCG hosts SF and AGN activities). Other clusters all show multiple indications for major disturbance, although each of them may meet at least one of the morphological parameters for a relaxed state. Their X-ray/BCG offsets are larger than 15 kpc, their temperature profiles do not show a strong center drop, consistent with their disturbed dynamical states. This diversity in the apparent dynamical states reflects the complexity of cluster evolution and potentially the project effects, which limits the usefulness of any single diagnostic indicator.
Baryon contents
Here we first estimate for each cluster the masses of the three main cluster components: dark matter, ICM, and stars. We will then compare the total baryon budgets with the values expected from the standard cosmology.
Total gravitational mass
We use the M − T relation (Sun et al. 2009 for Chandra; Arnaud et al. 2007 for XMM-Newton) to estimate the total cluster mass M 500 in r 500 , as the X-ray temperature is a quite robust mass proxy. However, this X-ray hydrostatic mass could be underestimated because of additional non-thermal pressure from e.g., gas bulk motion and turbulence (e.g., Nagai et al. 2007; Mahdavi et al. 2008; Lau et al. 2009 ). Assuming a typical 15% hydrostatic bias (X-ray hydrostatic mass is 15% lower than the true cluster mass) in total cluster mass induces to 21% in M 500 (Rozo et al. 2014) . Moreover, most clusters in our sample are unrelaxed clusters, thus the hydrostatic bias could be even higher.
We note there are some cross-calibration issues between Chandra and XMM-Newton, especially the temperature from Chandra are systematically higher than XMM-Newton (e.g., Schellenberger et al. 2015) . We use the temperature relation of ACIS and combined XMM-Newton in the full band in Schellenberger et al. (2015) to rescale the temperature of Chandra to XMM-Newton, and then re-estimate the M 500 based on the XMM-Newton M − T relation, the mass difference is within 30%. However, our final results remain unchanged when including the above bias.
Hot ICM mass
For the hot ICM, we calculate the central de-projected proton (or hydrogen) density distribution from our β −model fit to the ra- dial intensity profile (e.g., Sarazin 1988) , under assumptions of the spherical symmetry and isothermal temperature distribution (the cluster emissivity function in soft 0.5-2 keV band is sensitive to density but almost insensitive to temperature at T > 2 keV),
We adopt the equation (10) of Ge et al. (2016) to estimate n 0 :
(Chandra data). (4) These equations use the parameters from the β -model fit (I 0 , β , r c in a unit of cm) of the exposure-corrected intensity image, and the spectral dependent conversion from the emission measure to the count rate (
η ) with the on-axis response files of each observation. This is different from the method used in such works as Mohr et al. (1999) and Ettori et al. (2004) , which integrate the temperature-dependent electron density along the line of sight within a somewhat artificial cluster "boundary", where the X-ray emission is insignificant. In contrast, our analytical formula accounts for all the X-ray emission along the line of sight. The n 0 and the hot ICM mass (M gas ) within r 500 are listed in Table 2 .
The systematic error of M gas is dominated by the uncertainty from integration gas distribution in the outer radius, which is closely related to the β value. The β varies with cluster mass (e.g., Sun et al. 2009 ) and radius (e.g., Morandi et al. 2015) . We assume a typical 10% uncertainty in β to estimate the error in M gas . Moreover, the gas mass could be overestimated due to bias of gas clumping, though it should be small within r 500 .
For future comparison, Table 2 also lists the estimation of the hot ICM proton column density at the projected distances of the QSO for each cluster as
Warm-hot ICM
The larger goal of the work presented herein and in our previous publications (Wang & Walker 2014; Ge et al. 2016; Burchett et al. 2018 ) is to leverage diagnostics of both the hot (T > 10 6 K) and warm-hot (T = 10 5−6 K) gas afforded by X-ray imaging/spectroscopy and UV absorption lines, respectively, to characterize the ICM in its baryon budget and impact on the circumgalactic media of cluster galaxies. We now present an analysis of Figure 3. Continuum-normalized spectrum of SBS 1013+596 in the region where H I Lyα would fall at the redshift of A959, to which the velocity scale is relative. The error vector is shown red. While the spectrum is quite noisy, we do not detect any statistically significant Lyα features within ± 1000 km s −1 of the cluster redshift.
the existing HST/COS spectrum of SBS 1013+596, whose sightline probes the outskirts of A959 at an impact parameter of 2.68 Mpc, or 2.58 r 500 . Our analysis follows closely that of Burchett et al. (2018, Section 4.2) . The SBS 1013+596 spectrum was obtained in HST programme GO 12593 (PI: Nestor) using the COS G160M grating, covering the wavelength range of 1410-1774Å with an average S/N of 2.4 in the region of interest (near the observed wavelength of the H I Lyα line at z = 0.288. Due to the wavelength coverage of the G160M grating, H I Lyβ and the O VI are not accessible. Fig. 3 shows the QSO spectral region within ± 1000 km s −1 of the Lyα observed wavelength at the redshift of A959. We report no statistically significant detections of H I Lyα near the redshift of A959, possibly due in part to the low S/N of the archival SBS 1013+596 spectrum. However, we proceed with the analysis detailed by Burchett et al. (2018) to place constraints on the physical conditions and total column density of the 10 5−6 K gas. Briefly, the analysis premise is as follows: assuming thermal broadening of any potential Lyα lines, we generate numerous realizations of Voigt profiles on a grid of Doppler b-parameters and column densities (N(H I) ). We then convolve these synthetic profiles with the instrumental line spread function and inject them into a flat spectrum with S/N commensurate with that of the actual data. Finally, measuring the equivalent widths and associated uncertainties of these profile realizations enable us to quantify their detection significance. Fig. 4 shows the matrix of detection significance for the range of N(H I) and b, where the colors indicate the detection significance according to the values shown on the colorbar. We encourage the reader to contrast Fig. 4 to its counterpart in Burchett et al. (2018, Fig. 10 ), as the quantitative difference in data quality between those targeted, S/N ∼ 18 spectra and the archival spectrum analysed here is clearly seen. The Burchett et al. (2018) enabled sensitivity to column densities approximately an order of magnitude lower than in the present work (N(H I)∼ 10 12.5 cm −2 vs. ∼ 10 13.5 cm −2 for b = 40 km s −1 lines). Given that the b ∼ 70-km s −1 broad Lyα lines associated with A1926 reported by Burchett et al. (2018) had N(H I)< 10 13.7 cm −2 , only the strongest component would be possibly (but unlikely) detected, and the remaining two N(H I)∼ 10 13.1 cm −2 lines would surely be lost in the noise. Recall that two out of three of the Burchett et al. (2018) sightlines were targeted with appropriate S/N to robustly detect such features and probe X-ray bright galaxy clusters at interesting impact parameters; the third is among the highest S/N QSO spectra ever recorded by HST/COS. We emphasize that chance alignments alone between massive clusters and QSO sightlines that have been observed with sufficient data quality in the HST archive are simply insufficient to build samples and conduct the analysis necessary to study the warm-hot gas contribution to cluster baryon budgets.
Finally, we convert the detection statistics as functions of b value and column density to total H column density (N(H)) to compare with the constraints from X-rays. As in Burchett et al. (2018) , we use the Oppenheimer & Schaye (2013) ionization models to obtain the ionization fractions H o /H as a function of temperature (obtained from the Doppler b values). The N(H) is then the measured N(H I) divided by the ion fraction. Fig. 5 shows the results, comparing the limits we are able to place on A959 with the constraints Burchett et al. (2018) A959 A1095 A1095 Broad Ly (Burchett+18) Figure 5 . Limits on the total H column density from gas in the warm-hot gas phase as a function of temperature under thermal line broadening (solid lines and shaded regions) relative to that from X-ray measurements of the > 10 6 K phase (dotted horizontal lines). Measurements corresponding to A959/SBS 1013+596 are colored purple, and we show the limits and measurements derived for A1095 (Burchett et al. 2018) in green for comparison. In this representation, the QSO spectra enable detecting N(H) values above the solid lines, and N(H) values lying in the shaded regions would be obscured by the noise in the data. Note that the three previously detected components associated with A1095 would be undetectable in A959 given the S/N of the existing spectrum. In A959, the amount of total H column hidden in 10 5.8 K gas could equal that in the hot X-ray traced material.
Lyα associated with A1095. Clearly, these components would be missed in spectra with similar S/N to that of SBS 1013+596 analyzed here. We suggest that these data serve as a useful guide to establish observational strategies in pursuing these simultaneous hot/warm-hot constraints with a targeted sample of the cluster/QSO sightline pairs. Fig. 6 shows the total baryon fraction over the total gravitational mass of the hot ICM and stars. The stellar mass is estimated with the scaling relation of M ,3D = 3.2 × 10 −2 (M 500 /10 14 M ) 0.52 from Gonzalez et al. (2013) , whose estimate includes the additional contribution from intracluster stars (ICS) and correction for the completeness from fainter galaxies as well as the projection from galaxies outside r 500 in the line of sight direction. The stellar fractions of the individual cluster are also presented in Fig. 6 . Though there are some systematic biases when determining stellar mass, e.g., initial mass function (IMF) variation (radial and galaxy dependent); ICS contribution; uncertainty in mass-to-light ratio depending on different models and methods; uncertainty in the faint end slope of the galaxy luminosity function; and deprojection of galaxy distribution from 2D to 3D (e.g., Gonzalez et al. 2013; Budzynski et al. 2014; Kravtsov et al. 2018) . The scatter of the stellar mass is at a level of 30% (Lin & Mohr 2004; Kravtsov et al. 2018) . Thus the biases in stellar mass estimation have a minor impact to our total baryon fraction, because the dominant baryon component is in hot gas for our cluster sample. For comparison, Fig. 6 further includes results from our previous studies of four clusters (Ge et al. 2016) , which are all disturbed clusters. We account for the 21% hydrostatic bias in M 500 as dis- Figure 6 . Baryon fraction within r 500 as a function of M 500 : dots are the hot ICM fractions; stars represent the stellar mass fractions estimated based on the scaling relation of Gonzalez et al. (2013) , which includes the additional contribution from ICS; boxes are the total baryon fractions of hot ICM plus stars. The green band marks the uncertain range of the WMAP 9-year baryon fraction (Hinshaw et al. 2013) . The above labels are names of corresponding clusters. We also include four clusters in Ge et al. (2016). cussed in § 4.3.1. As the M 500 increasing, the r 500 for estimating M gas and M star also increases. However, the f gas , which dominates the baryon budget, only increase 2.6% with f gas ∼ M 0.135 500 (Sun et al. 2009 ), while f star decreases with Gonzalez et al. (2013) relation. All the clusters show baryon deficiency compared with the cosmological fraction determined from the Wilkinson Microwave Anisotropy Probe (WMAP) 9-year data (∼17%; Hinshaw et al. 2013) .
Baryon fraction of the clusters
A portion of this missing baryon matter may be ejected out of the central r 500 regions due to energetic processes such as AGN feedback (e.g., McCarthy et al. 2011) , while some fraction may reside in other gas phases, such as the warm and warm-hot ICM. As demonstrated in the previous subsection and by Burchett et al. (2018) , high-quality, targeted QSO absorption line observations will help to characterize or constrain these missing baryons.
SUMMARY
We have studied a sample of X-ray-selected galaxy clusters that are paired with UV-bright background QSOs. While this study is based primarily on Chandra and XMM-Newton observations,we have also incorporated the single existing archival HST/COS spectrum for the QSO sightlines, as well as radio and optical observations for all, in the analysis of the baryon content and dynamical state of the clusters. Our major results and conclusions are as follows:
• We have characterized the X-ray morphological and spectral properties of the clusters. The radial profile of the diffuse X-ray emission can be reasonably well fitted with a β -model out to r 500 except for A655, due to the shallow exposure. A single-temperature plasma describes well the average spectra of the clusters.
• Most of the clusters are dynamically disturbed, judging from their quantitative X-ray morphological parameters, temperature profiles, X-ray/BCG offsets, diffuse radio features, and BCG activities. These disturbances may lead to underestimation of the total gravitational masses of the clusters.
• The HST/COS spectrum allows us to place only weak constraints on the warm-hot gas content of A959. This analysis demonstrates the need to obtain high S/N spectra of these QSOs in a focused observing programme.
• All the clusters show an evidence for missing baryons considering the hydrostatic bias. They may be located outside of the cluster regions explored here. Alternatively, they may reside in the warm and warm-hot ICM, which are yet to be discovered.
With these in consideration, targeted UV absorption line spectroscopy of the background QSOs will help us to characterize how the heating/cooling may depend on the dynamical state and mass of the cluster, as well as the impact distances, advancing our understanding of the structure formation and baryon evolution in the Universe.
APPENDIX A: DYNAMICAL STATE DIAGNOSTICS OF GALAXY CLUSTERS: X-RAY MORPHOLOGICAL PARAMETERS
Here we provide a systematical review of various diagnostics based on the X-ray morphological parameters. The used quantitative morphological indicators generally fall into two categories: (1) the bulk asymmetry, e.g., the power ratio (Buote & Tsai 1995) , the centroid shifts (Mohr et al. 1993) , the photon distribution asymmetry (A phot , Nurgaliev et al. 2013) ; (2) the presence of a CC, e.g., the surface brightness concentration parameter (Santos et al. 2008) . Apparently, combining the above two categories can provide a better separation of clusters at different dynamical states. An example is the symmetry-peakiness-alignment (SPA) criterion for relaxation (Mantz et al. 2015) . Here, we briefly describe these morphological parameters and their relations.
The power ratio method (see details in Buote & Tsai 1995; Jeltema et al. 2005 ) is motivated by identifying the X-ray surface brightness as a representation of the projected mass distribution of a cluster, which aims to parametrize the substructure in the ICM and to relate it to the dynamical state of a cluster. The power ratio P 3 /P 0 has been found to be sensitive to asymmetries in the aperture radius (r 500 in our case) and provides a useful measure of the dynamical state of a cluster. We use the cut of Böhringer et al. (2010) to separate relaxed cluster (P 3 /P 0 1.5×10 −7 ) and disturbed cluster (P 3 /P 0 > 1.5 × 10 −7 ).
The centroid shift parameter w (Mohr et al. 1993; Poole et al. 2006 ) measures the centroid variations in different aperture sizes and is defined as the standard deviation of the different center shifts (in units of r 500 ). We also use the cut of Böhringer et al. (2010) to separate relaxed cluster (w 0.01) and disturbed cluster (w > 0.01).
The surface brightness concentration parameter c SB (Santos et al. 2008 ) measures the ratio of the peak over the ambient surface brightness and is very effective to distinguish CC from NCC clusters. We use three categories of (Santos et al. 2008 ): non-CC The photon distribution asymmetry parameter A phot (Nurgaliev et al. 2013 ) measures the uniformity of the angular X-ray photon distribution in radial annuli. The parameter quantifies the deviation from the idealized axisymmetric case. We use the threshold values of Nurgaliev et al. (2013) to separate low (A phot < 0.15), medium (0.15 < A phot < 0.6), and strong asymmetry (A phot > 0.6) clusters. As both A phot and w measure the bulk asymmetry on intermediate scales (in r 500 ), thus they are correlated strongly (Fig. 8 in Nurgaliev et al. 2013) . Furthermore, these asymmetry indicators, combined with a CC indicator such as concentration c SB , show a better separation of clusters at different states of dynamical equilibrium, e.g., the asymmetry-concentration diagram (Fig. 7 in Nurgaliev et al. 2013) .
The symmetry (s)-peakiness (p)-alignment (a) (Mantz et al. 2015) method classifies the cluster dynamical state based on both asymmetry and CC indicators. The p contains the information of the flux ratio in small and large apertures, and is similar to the definition of c SB , thus they correlate strongly with each other (Fig. 9 in Mantz et al. 2015) . The s and a have similar definitions with centroid shift, and they all measure bulk asymmetry, thus they correlate strongly with each other (Figs. 7-8 in Mantz et al. 2015) . The combination of asymmetry indicators such as s and a with a CC indicator such as p separates the relaxed cluster from un-relaxed cluster well (Figs .8,12 in Mantz et al. 2015) . We use the cuts of s > 0.87, p > −0.82, and a > 1.00 (Mantz et al. 2015) as the criterion for a relaxed cluster.
